INTRODUCTION
Axons in the vertebrate nervous system are surrounded by myelin, a complex structure comprised of layers of plasma membrane with specific protein components located at specific sites. Myelin insulates axons and enhances the saltatory propagation of electrical impulses. In addition, myelin is required to maintain axonal integrity. Communication between the glial cell and the neuron occurs through the action of proteins located at the periaxonal surface.
MAG, a transmembrane IgG superfamily member, is one such protein. MAG has several functions, including inhibition of axon outgrowth and regeneration (McKerracher et al. 1994; Mukhopadhyay et al. 1994) , protecting neurons from excitation-induced toxicity (Lopez et al. 2011) , and protecting neurons from age-related degeneration (Lassmann et al. 1997) . Although it is largely normal, the nervous system of Mag-deficient mice has several subtle defects, such as decreased axon diameter and an increased number of unmyelinated axons (Li et al. 1994; Montag et al. 1994; Bartsch et al. 1997; Yin et al. 1998 ). The mice also exhibit age-related axonal degeneration (Lassmann et al. 1997 ) and enhanced excitotoxicity (Lopez et al. 2011) . MAG interacts with several receptors on the surface of the axon, including ganglioside receptors (GD1a and GT1b) (Yang et al. 1996) , Nogo receptors (Liu et al. 2002; Venkatesh et al. 2005) , and the paired immunoglobulin-like receptor B (PIR-B) (Atwal et al. 2008) . PIR-B, at least in part, mediates the effects of MAG in neurite outgrowth inhibition (Atwal et al. 2008; Fujita et al. 2011) . Additionally, mice with a null mutation in the B4galnt1 gene, which is responsible for synthesis of the ganglioside receptors GD1a and GT1b, have defects similar to those seen in the Mag null mouse, highlighting the importance of these receptors for MAG function (Sheikh et al. 1999) .
Mag is alternatively spliced to produce two isoforms, S-MAG and L-MAG, which are regulated developmentally and spatially (Lai et al. 1987; Tropak et al. 1988; Wu et al. 2002) . Both isoforms contain the extracellular IgG domain and the transmembrane domain. They differ at the C-terminal tail, which protrudes into the cytoplasmic space. S-MAG contains an alternative exon (exon 12) that contains a stop codon, producing a truncated protein. L-MAG has a longer C-terminal tail. The functional differences between the isoforms are unclear. A mutant mouse, in which the longer isoform is prematurely truncated to mimic the shorter isoform, exhibits similar defects in the central nervous system (CNS) to the Mag null mouse (Fujita et al. 1998) . Additionally, L-MAG has been reported to be the isoform responsible for promoting outgrowth of neurites in the CNS (Shimizu-Okabe et al. 2001 ). Therefore, it is possible that L-MAG is the functionally important isoform in the CNS, and that alternative splicing controls the amount of L-MAG available.
hnRNP A1 has been shown to repress inclusion of exons by binding to nearby elements (Mayeda and Krainer 1992; Blanchette and Chabot 1999; Del Gatto-Konczak et al. 1999) . Recently, we and others showed that hnRNP A1 contributes to the alternative splicing of Mag exon 12 (Zhao et al. 2010; Zearfoss et al. 2011) . Moreover, we showed that the sequence UAGGU is enriched within and adjacent to exons that show alternative splicing changes upon hnRNP A1 knockdown in oligodendrocyte precursor cells (Zearfoss et al. 2011) . UAGGU, UAGGGU, and similar sequences have been shown to interact with hnRNP A1 (Burd and Dreyfuss 1994; An and Grabowski 2007; Michlewski et al. 2008) . Examination of the sequences surrounding Mag exon 12 revealed the presence of this element at the 5 ′ splice site (Zearfoss et al. 2011 ). In the current study, we asked whether the UAGGU element and its surrounding sequences interact with hnRNP A1 and control alternative splicing of Mag exon 12.
RESULTS
hnRNP A1 binds an element at the Mag exon 12 5 ′ splice site
To determine whether hnRNP A1 interacts with the UAGGU sequence at the exon 12 5 ′ splice site ( Fig. 1A ), we used a pull-down assay where streptavidincoated magnetic beads and biotinylated RNA fragments were used to recover specifically associated proteins from HeLa nuclear lysate. Recovered proteins were detected by Western blotting. A 29nucleotide fragment corresponding to the Mag 5 ′ splice site, numbered −12 to 17, relative to the exon-intron junction ( Fig. 1A) , efficiently pulled down hnRNP A1 in this assay. In contrast, a mutant version of the RNA in which UAGGU is mutated to UAAGU (G4A) did not pull down hnRNP A1 (Fig. 1B) . Neither RNA pulled down Quaking, an RNA-binding protein that does not recognize this sequence. (Fig. 1B) . To determine whether association of hnRNP A1 with UAGGU at the 5 ′ splice site anticorrelates with association of the spliceosome, we probed the blot for U1A, a component of U1 snRNP that recognizes the 5 ′ splice site during pre-mRNA splicing. U1A is ex-pected to associate indirectly with the splice site via basepairing between the splice site and the U1 snRNA. In direct contrast to hnRNP A1, we observe that U1A is efficiently recovered by the G4A mutant RNA, but not the wild-type sequence ( Fig. 1B) .
To confirm the interaction between hnRNP A1 and the Mag exon 12 5 ′ splice site using an independent method, we purified recombinant MBP-tagged hnRNP A1 and incubated it with synthetic fluorescent RNAs corresponding to the exon-intron junction. We measured the apparent equilibrium dissociation constant using two complementary methods, fluorescence polarization (FP) and electrophoretic mobility shift assays (EMSA), as described by Pagano et al. (2011) . hnRNP A1 binds to a 10-nucleotide boundary fragment (−2 to 8) with an apparent K d of 51 ± 5 nM by FP and 145 ± 12 nM by EMSA (Fig. 1C ). When G4 is mutated to A, which improves the 5 ′ splice site consensus sequence, hnRNP A1 binding was reduced to >500 nM by FP and was not detected by EMSA (Fig. 1C ). The apparent threefold disparity in affinity between FP and EMSA is likely due to dissociation during electrophoresis, which can lead to underestimation of binding affinity if the dissociation rate constant is fast. Together, the data reveal a specific interaction between hnRNP A1 and the Mag exon 12 5 ′ splice site, and suggest that binding of hnRNP A1 may interfere with U1 snRNP association. Our observations of an interaction between hnRNP A1 and Mag RNA is consistent with the observation by Zhao et al. (2010) that the Mag pre-mRNA coimmunoprecipitates with hnRNP A1.
A conserved secondary structure is present at the Mag exon 12 5 ′ splice site
When examining the sequences surrounding the Mag exon 12 5 ′ splice site, we noticed a region of possible self-complementarity. We used M-fold to predict secondary structures in mouse, rat, human, and several other vertebrate species (Zuker 2003) . The results revealed a possible hairpin structure that is conserved across seven vertebrate species ( Fig.  2A ). To assess whether this structure is formed in vitro, a series of truncated synthetic RNAs were analyzed by native and denaturing gel electrophoresis ( Fig. 2B ). Fifteenand 29-nucleotide RNA fragments (−4 to 11 and −12 to 17, respectively), which are predicted to contain a portion of the base-paired region, migrate with faster than expected mobility in native gels, but not in denaturing gels (Fig. 2C ). This is consistent with the presence of a folded RNA structure. In contrast, we did not observe differential mobility when analyzing a 10-nt RNA that retains only 1 bp of the predicted stem (Fig. 2C ).
To confirm the presence of the structure and the requirement for the bases in the predicted stem, we analyzed a series of mutant RNAs using UV thermal melting analysis. The 15nucleotide RNA exhibited a melting temperature (Tm) of 56 ± 0.2°C (Fig. 2D ). Mutation of two cytidines (C7, C8) to G7G8 in the predicted base-paired region reduced the Tm to 36 ± 0.5°C, and U7U8 reduced the Tm to 30 ± 1°C ( Fig.  2D ). Mutation of C7 and C8 to A7A8 also modifies the thermal melting characteristics of the RNA, although no folding transition is observed, suggesting that the RNA is unfolded even at low temperature (Supplemental Fig. 1 ). The data show that a stem-loop structure can form around the 5 ′ splice site and that the structure can be perturbed by mutating nucleotides in the stem.
Secondary structure affects hnRNP A1 binding and spliceosome association in vitro
We wished to determine whether the conserved secondary structure at the Mag exon 12 5 ′ splice site affects binding of hnRNP A1. We tested the ability of the folded RNAs to A conserved secondary structure is present at the Mag exon 12 5 ′ splice site. (A) Putative secondary structure of the region surrounding the splice site from seven vertebrate species. Exon sequence is capitalized, and intron sequence is in lowercase. The hnRNP A1-interacting region is shown in gray. Base pairs are indicated by a horizontal bar. (B) Sequences of the RNAs analyzed in the secondary structure assays in C and D. RNAs are based on the rat sequence. (C) Gel electrophoresis of truncation mutants. RNAs have a higher mobility than expected on a native gel, but migrate according to size on a denaturing gel. (D) Thermal melting analysis of 15 nucleotide RNAs. Mutation of bases predicted to be paired in the stemloop structure results in a decrease in the melting temperature of the RNA. The predicted structure is presented to the right of the melting curves.
associate with recombinant hnRNP A1 by FP and EMSA ( Fig.  3A ; Table 1 ). The 15-nucleotide fragment binds to hnRNP A1 with an estimated K d,app of >1 µM (Fig. 3B ). The 29-nucleotide RNA fragment also does not bind (Supplemental Fig. 2 ). This result contrasts with nonquantitative pull-down experiments performed in HeLa nuclear extracts in which hnRNP A1 is observed to interact with the 29-nucleotide RNA fragment (Fig. 1C ). Next, we tested hnRNP A1 binding to the C7C8 mutant 15-nucleotide RNAs. Binding to the G7G8 mutant is improved relative to wild type (K d, app, FP = 60 ± 18 nM, K d, app, EMSA = 70 ± 21 nM) ( Fig. 3C ). The A7A8 and U7U8 mutations also increase association with recombinant hnRNP A1 (Table 1) . We then used the streptavidin pulldown assay to test whether the stem-loop mutants affect hnRNP A1 or U1A association in HeLa nuclear extract. Mutation of C7C8 to G7G8, A7A8, or U7U8 increased the ability of the RNA to pull down U1A from a HeLa nuclear lysate ( Fig. 3D; Supplemental Fig. 3 ). We also detect binding of A1 to the mutant RNAs in this assay ( Fig. 3D ; Supplemental Fig. 3 ). Together, the results demonstrate that the folded structure decreases the affinity of hnRNP A1 for the Mag exon-intron junction, at least in vitro using recombinant protein, and show that the secondary structure also inhibits association with the U1 snRNP in nuclear lysate.
Secondary structure and the hnRNP A1-binding site determine the Mag isoform ratio
To determine whether secondary structure and the hnRNP A1-binding element at the 5 ′ splice site modulate alternative splicing of Mag exon 12, we developed a dual luciferase-splicing reporter assay. The reporter is based on the expression vector psiCheck2 (Promega), which encodes both firefly and Renilla luciferase on the same vector. In the reporter, Mag intron 11, exon 12, and intron 12 are positioned upstream of the start codon of firefly luciferase, but downstream from the transcription start site (Fig. 4A ). Methionine and glutamate codons were added upstream of Mag intron 11. This provides a minimal 5 ′ exon sequence that enables translation initiation and contains a strong splicing consensus at the exon-intron junction. After construction of the reporter, we deleted the methionine at the beginning of firefly luciferase in order to reduce the likelihood of reporter translation caused by scanning through the Mag insert. The reporter provides two ways in which to monitor alternative splicing. First, the isoform ratio can be directly measured using RT-PCR primers that detect exon 12 inclusion. Second, because Mag exon 12 contains a translation termination codon, inclusion of this exon precludes expression of firefly luciferase. Therefore, firefly luciferase activity reports on the amount of the exon excluded isoform. We used the CG-4 cell line as our assay system. CG-4 cells are a rat oligodendrocyte precursor cell line that expresses both isoforms of MAG. We previously showed that knocking down hnRNP A1 expression with siRNA in these cells causes an increase in the Mag splice isoform ratio (Zearfoss et al. 2011) .
To assess the contribution of the stemloop structure and the hnRNP A1 binding element to exon 12 inclusion, we constructed a series of mutations in the stem and terminal loop structures ( Fig.  4B ). First, we mutated the base-paired C residues of the upper stem. Specifically, we changed C7C8 to G7G8, U7U8, and A7A8. Both the G7G8 and A7A8 mutations increased the isoform ratio by 1.8and 2.7-fold, respectively (P = 2 × 10 −5 and 7 × 10 −4 ) (Fig. 4C ). The U7U8 mutation had an insignificant effect (1.3-fold, P = 0.08) (Fig. 4C ). The corresponding luciferase activity assays revealed that the G7G8 mutation reduced activity by 1.4-fold (P = 0.03), while the A7A8 mutation reduced activity by twofold (P = 2 × 10 −11 ) (Fig. 4C) . The U7U8 mutation did not cause a significant change in expression. The data show that mutation of C7 and C8 to A or G, which destabilizes the stem-loop, increases Mag exon 12 inclusion. Note that when C7 and C8 are mutated to U in the context of the lower stem, GU base pairs could form with G-3 and G-4 ( Fig. 4B ). While the U7U8 mutations are sufficient to destabilize a minimal 15-nucleotide stem-loop fragment in vitro ( Fig. 2D) , they may not be sufficient to destabilize the structure in the context of the full stem in vivo.
To assess the contribution of the sequence at the loop, we mutated the G4 position to A, C, or U. Due to the overlap in the hnRNP A1 binding element and the 5 ′ splice site, mutations in the hnRNP A1 site also change the region of the 5 ′ splice site that recognizes the U1 snRNA through base-pair interactions. In the wild-type sequence, G4 is opposite a pseudouridine (Ψ), which has the potential to form non-Watson-Crick interactions with G. Ψ is opposed by an A, its Watson-Crick partner, in the A4 mutant. In the C4 and U4 mutants, neither C nor U would be predicted to maintain pairing with Ψ. The overlap of the recognition elements makes it impossible to determine whether the observed effects are due to alternations in hnRNP A1 binding, spliceosome association, or a combination of the two.
In the RT-PCR-based splicing assay, mutation of G4 to A caused an increase in the isoform ratio of 2.6-fold (P = 2 × 10 −11 ) (Fig. 4D) . This result corroborates a previously published report using an independent minigene reporter (Wu et al. 2002) . Mutation of G4 to U or C did not cause a statistically significant change. In the luciferase activity assay, the U4 mutation caused a decrease in expression of 1.5-fold (P = 0.03), the A4 mutation caused a decrease of 1.8-fold (P = 1 × 10 −4 ), and the C4 mutation did not cause a significant change. The results show that the sequence at the loop functions as a weakened splice site.
To determine whether the mutations in the loop act in combination with the base-pairing in the stem, we combined the A4 mutation with the A7A8 mutation in the base-paired region of the stem (construct A4A7A8). In the RT-PCR assay, we observed a 10-fold increase in the isoform ratio in this sample (P = 2 × 10 −12 ) (Fig. 4E) . Similarly, luciferase activity was decreased by fourfold (P = 3 × 10 −13 ) (Fig. 4E) . The data show that the loop sequence and the stem both contribute to the observed isoform ratio and are not redundant.
To determine whether base-pairing in the stem contributes to the resulting isoform ratio, we generated two additional sets of mutations. These sets included compensatory mutations that restored base-pairing and maintained the GC content of the stem while changing the primary sequence. First, we mutated each of the base-paired G residues in the stem to a C (Fig. 4B , stem disruption construct). We also generated the compensatory mutation, in which the opposing C bases were changed to G to restore base-pairing ( Fig. 4B , comp construct). We observed an 11-fold increase in the isoform ratio with the stem disruption construct (P = 0.008) in the PCR based assay and a fivefold decrease in the luciferase activity assay (P = 3 × 10 −13 ) (Fig. 4F) . When base-pairing was restored, in the comp mutant we observed nearly wild-type isoform ratio and luciferase expression (Fig. 4F) . The result suggests that base-pairing of the stem inhibits exon recognition. To confirm this result, we made smaller mutations to the lower stem, again designed to alter the primary sequence of this region while maintaining the GC content. These mutations interrupt the G and C tracts present in the lower stem (Fig. 4F) . Mutating G12 and G14 to C12 and C14 caused an increase in the isoform ratio of 5.8-fold (P = 2 × 10 −12 ) in the PCR based assay and a decrease of 2.4-fold in the luciferase activity assay (P = 2 × 10 −11 ) (Fig. 4F) . The corresponding base changes on the opposite strand, G-7 and G-9, caused changes in the same direction, with an increase of 2.8-fold (P = 3 × 10 −9 ) in the PCR assay and a decrease of 1.4-fold (P = 2 × 10 −5 ) in the luciferase assay (Fig. 4F) . The compensatory mutant, containing the G-7G-9C12C14, produced an increase of 3.6-fold in the PCR assay (P = 3 × 10 −12 ) and was equivalent to the wild-type construct in the luciferase assay (f.c. = 1.1, P = 0.1). Together, the results show that the mutations on opposing sides of the stem do not act in an additive fashion, and that restoring the base-pairing brings the level of splicing closer to the wild-type level. The results are consistent with a model in which the structure of the stem-loop restricts access of the splicing machinery to the splice site.
Numerous Mag-like 5 ′ splice sites are present in the human genome
We wished to determine whether the presence of hairpin structures at UAGGU 5 ′ splice sites is a unique characteristic of Mag or whether it is widespread. To find out whether other splice sites with similar characteristics exist, we obtained the genomic coordinates of all human 5 ′ splice sites from the UCSC genome browser hg19 assembly (Kent et al. 2002) and downloaded sequences of 39-nucleotide fragments surrounding the splice site, centered at the UAGGU element. The region corresponds to positions −17 to 22 relative to the splice site. We then folded the sequences using the Vienna RNA package (Hofacker 2009 ) and filtered the results to obtain sequences that contained a predicted hairpin with a free energy of folding of −8 kcal/mol or less and containing at least 8 base pairs, with a loop at the UAGGU element. We identified 525 sequences that passed the criteria (Supplemental Table 1 ). For each of these sequences, we obtained PhyloP placental mammal conservation scores from the UCSC genome browser in order to obtain a measure of the conservation of the sequence. We summed the scores across the element at the 5 ′ splice site as well as the entire 39-nucleotide length. Conservation varied for the predicted hairpins (Supplemental Table 1 ). The identification of these splice sites suggests that hairpins at the 5 ′ splice site may affect alternative splicing in other genes in addition to Mag.
We used two methods to determine whether 5 ′ splice sites with UAGGU elements are more likely to be present in structured regions of RNA. First, we constructed three artificial sets of sequences based upon intron and exon nucleotide frequencies. More specifically, we determined frequency of each nucleotide for the intron and exon regions of all 5 ′ splice-site sequences, omitting the conserved splice-site sequence between positions −3 and +7. Artificial sets were constructed based on the calculated intron and exon nucleotide frequencies. Splice sites containing the UAGGU element are predicted to fold into more stable structures than the random sets ( Fig. 5) . At −10 kcal/mol, twofold more sequences were identified in the UAGGU set than in the random sets (f.c. = 2.2, P = 0.0002) (Fig. 5) . Second, we calculated the nucleotide frequency independently for each nucleotide position and generated a set of 100,000 random sequences based on these frequencies (Fig. 5 ). Sites containing a UAGGU at the 5 ′ splice site were also predicted to fold into a more stable structure than this control group.
DISCUSSION
We have shown that hnRNP A1 interacts with a sequence at the Mag exon 12 5 ′ splice site, that a secondary structure is present at this region, and that mutations that destabilize the secondary structure can increase the ability of the RNA to be recognized by both the U1 snRNP and hnRNP A1. hnRNP A1 is known to function as a splicing silencer, inhibiting inclusion of exons near its binding sites on a pre-mRNA (Mayeda and Krainer 1992; Del Gatto-Konczak et al. 1999 ). A simple model would predict that disruptions of secondary structure that increase hnRNP A1 association would lead to repression of exon inclusion. However, in addition to modulating association with hnRNP A1, the secondary structure also modulates association with the U1 snRNP. The data, taken together, suggest a model in which stem-loop functions as a bipartite control element in which the base-pairing of the stem and the primary sequence of the loop are required elements that define the ratio of splice isoforms (Fig. 6) .
Our in vitro binding assays, conducted using purified hnRNP A1 protein and synthetic RNAs, provide evidence that the hairpin structure inhibits the association of hnRNP A1 with the sequence at the terminal loop. Recently, however, several examples of the association between hnRNP A1 and hairpin RNA structures have been described. For example, hnRNP A1 has been shown to interact with the pri-miR18A small RNA, and the site of association has been narrowed to the loop and one-half of the stem (Guil and Cáceres 2007) . hnRNP A1 binding sites have also been proposed to lie near the terminal loops of several other pri-miRNAs (Michlewski et al. 2008) . hnRNP A1 has also been shown to bind folded RNA elements that repress alternative splicing. For example, hnRNP A1 interacts with HIV RNA hairpin loop sequences by RNase footprinting and NMR experiments (Damgaard et al. 2002; Levengood et al. 2012 ). In the case of HIV ESS3 and a synthetic MS2 hairpin structure, association between hnRNP A1 and the folded RNA induces unfolding of the structure (Okunola and Krainer 2009; Levengood et al. 2012) . In contrast to these observations, we do not observe unfolding of the RNA upon addition of purified recombinant protein to the folded RNAs. There are at least two possible explanations for this observation. First, the MBP-tagged and pu-rified protein, while possessing RNA-binding ability, may not retain all of the functional capabilities of endogenous hnRNP A1. Second, the Mag hairpin may be sufficiently stable to prevent this mode of action.
Notably, we are able to detect an association between hnRNP A1 and the folded RNAs that does not interact by EMSA in a HeLa nuclear lysate. We would predict that additional RNA-binding proteins present in the lysate also interact with the hairpin structure used in this assay. It is possible that association of one or more of these factors may facilitate association with hnRNP A1 in the extract. The tract of G bases in the lower stem could serve as a binding site for hnRNP H or F. However, we have tested these factors in our pulldown assay and have not detected an association.
Secondary structure has been demonstrated to affect alternative splicing in a variety of ways. Cases exist in which secondary structures facilitate the bringing together of exons, and in which structure inhibits the association of splicing factors. For example, base-pairing interactions in Drosophila Dscam control the selection of several mutually exclusive 6th exons, facilitating splicing (Graveley 2005) . In contrast, base-pairing at the 5 ′ splice site of Hnrnpa1 exon 7B represses exon inclusion (Blanchette and Chabot 1997) . Additionally, MBNL1 interacts with a stem-loop structure at the 3 ′ end of intron 4 of cardiac troponin T; the spliceosomal protein U2AF is able to interact with the stem-loop structure when in its unfolded form but not its folded form (Warf et al. 2009 ). The mechanism we describe in this article, in which secondary structure controls the Mag isoform ratio, bears resemblance to this last mechanism.
The presence of the stop codon in exon 12 is notable given that stop codons positioned in internal exons are known to target the transcript for nonsense-mediated decay (NMD). We would not predict that this would be the case for Mag, however. NMD generally requires a spacing of 50-55 nucleotides between the stop codon and the exon junction for efficient degradation (Nagy and Maquat 1998) ; in Mag exon 12, only 12 nucleotides are present.
Recently, Feng and coworkers reported that hnRNP A1 enhances Mag exon 12 inclusion in HEK293T cells through an interaction with an element within exon 13 (Zhao et al. 2010) . The splicing reporter used in the current study does not include this exon. While we cannot exclude the possibility of an effect mediated by exon 13, a deletion analysis conducted by Wu and coworkers shows a large effect on exon 12 inclusion when regions of intron 12 are deleted and a comparatively minor effect when exon 13 is replaced with a heterologous exon (Wu et al. 2002) . Additionally, the mutational analysis described herein generated large changes in the isoform ratios observed, demonstrating the importance of the sequences included in the reporter.
In conclusion, the binding and splicing reporter experiments presented herein reveal (1) that a sequence at the Mag exon 12 5 ′ splice site promotes hnRNP A1 association and inhibits exon inclusion, and (2) a secondary structure at the splice site inhibits both hnRNP A1 association and U1 snRNP association, with a net effect of inhibiting exon recognition. Over 500 exon-intron junctions in the human genome are predicted to fold into a hairpin structure that contains a GUAGGU 5 ′ splice site in the loop, suggesting that 5 ′ splice site sequestration may be a relatively common mechanism to regulate exon inclusion. It will be interesting to determine whether such exons are alternatively spliced, and if so, to what extent hnRNP A1 contributes to their regulation.
MATERIALS AND METHODS

Purification of recombinant hnRNP A1
The coding sequence of mouse hnRNP A1 was amplified by PCR from a cDNA clone (Open Biosystems, clone ID 6308746) and inserted 3 ′ of MBP into the bacterial expression vector pHMTC. Expression in CodonPlus cells was induced with 1 mM IPTG, cells were lysed, and the lysate was passed over an amylose column. Bound proteins were eluted with 10 mM maltose. hnRNP A1 was further purified over an Hi-Trap S-column in MOPS (pH 6.0) and eluted with a 20 mM to 2 M gradient of sodium chloride, followed by a Source Q column in Tris (pH 8.8), followed by elution with a 20 mM to 2 M gradient of sodium chloride. Fractions were analyzed by gel electrophoresis, and fractions containing a single band of the expected molecular weight were pooled and concentrated using Amicon spin concentrators for further use.
Streptavidin pull-down assays
Synthetic RNAs were biotinylated at the 5 ′ end using biotinamidocaproyl hydrazide (BACH). Briefly, RNAs were oxidized at their 3 ′ ends by incubating with sodium periodate. The oxidized RNA was then reacted with BACH, and unreacted BACH was removed by ethanol precipitation, followed by purification over a Sephadex G25 (GE Healthcare) spin column. Streptavidin-coated magnetic beads were obtained from Invitrogen and were used according to the manufacturer's instructions. Briefly, beads were washed twice in an equal volume of 0.1 M NaOH and 0.05 M NaCl, then twice in 0.1 M NaCl. Beads were then incubated with a 1:1 mixture of a RNA and 2 × Bind and Wash buffer (2.5 µM RNA final), incubated for 15 min with gentle shaking, and washed three times in 1 × bind and wash buffer. Beads were then incubated for 2 h with HeLa nuclear extract (Protein One) diluted 1:1 in buffer to provide final concentrations of 0.01 mg/mL tRNA, 0.01% NP40, 0.1 mg/mL BSA, 50 mM Tris-Cl (pH 8.0), 100 mM NaCl, and 1/20 SuperaseIn (Ambion). Beads were washed four times in 100 mM NaCl, 50 mM Tris-Cl (pH 8.0), 0.01% NP40, and 0.01 mg/mL tRNA and were resuspended in sample buffer and analyzed by Western blotting using antibodies for hnRNP A1 (Sigma), U1A (Abcam), or Quaking (Bethyl Laboratories) using established procedures (Sambrook and Russell 2001) .
Native gel electrophoresis
RNAs were diluted in a buffer that contains 100 mM NaCl and 50 mM Tris-Cl (pH 8.0), heated to 60°C, and cooled to ambient 6. A model for Mag exon 12 alternative splicing. A hairpin loop at the 5 ′ splice site inhibits association of hnRNP A1 and the spliceosome. Relaxation of the structure facilitates association between both hnRNPA1 and the spliceosome, allowing competition between the two to determine whether the exon is included or excluded. temperature. They were then run on a 6% slab polyacrylamide gel in 1 × TBE.
Thermal denaturation experiments
Synthetic RNAs (IDT) were prepared at 5 µM in a buffer containing 100 mM NaCl, 0.2 mM EDTA, and 20 mM sodium cacodylate (pH 7.0). The absorbance of each RNA was detected in a Beckman DU Series 600 spectrophotometer equipped with a temperature controller. Temperature was increased from 5°C to 80°C with a ramp rate of 1°/min, and absorbance values were collected at 0.5°C intervals. Melting temperature was calculated by fitting to a mathematical model of a two-state unimolecular transition as described in Proctor et al. (2004) .
Construction of splicing reporter
QuikChange mutagenesis was used to remove the HindIII site upstream of Renilla luciferase in the vector psiCheck2 (Promega). After mutagenesis, the plasmid contained a single HindIII site upstream of firefly luciferase. Mag genomic sequence spanning intron 11-12, exon 12, and intron 12-13 was amplified from mouse genomic DNA by PCR using Pfu polymerase. Restriction sites were added to the ends by a second round of PCR using the primers 5 ′ggggcgtctcaagcttgggatggaggtgagagggccacaccc-3 ′ and 5 ′ -ccccaagcttga gacgcctatggagaggagaag-3 ′ . The primers were designed to be recognized by BsmB1, which cuts asymmetrically to yield HindIIIcompatible overhangs. The construct was digested with BsmB1 and cloned into the mutated psiCheck2 vector cut with HindIII. The forward primer contains an initiatior methionine codon, followed by a single amino acid upstream of the first Mag intron sequence, to provide an upstream exon to which either exon 12 or the downstream luciferase sequence can be spliced. The initiator methionine of firefly luciferase was deleted using QuikChange mutagenesis. All mutations indicated in the text were made using QuikChange mutagenesis, and the presence of the desired mutation was confirmed by sequencing.
Cell culture and transfections
CG-4 and B104 cells were a gift from Lynn Hudson (NINDS) and were cultured as described (Louis et al. 1992) . B104 cells were used to produce conditioned medium, which contained growth factors that prevent CG-4 cells from differentiating. Cells were transfected using Lipofectamine 2000 (Invitrogen) or Dharmafect (Thermo Scientific) as described by the manufacturer. After transfection, cells were incubated for 2 d prior to harvesting.
Reporter analyses
RNA was isolated from cells using Trizol reagent (Invitrogen) according to the manufacturer's instructions. RNA was further cleaned through an RNeasy (Qiagen) spin column. For RT-PCR analysis, RNA was reverse transcribed and amplified using a One-Step RT-PCR kit (Invitrogen) with the primers 5 ′ -GCTTAAAAGCTTGGG ATGGA-3 ′ and 5 ′ -CAGGGCAGGTGTCCACTC-3 ′ . The reverse primer was labeled with 5 ′ -FAM (IDT). Dual luciferase reporter assays were conducted using the Dual-luciferase reporter assay system (Promega) following the instructions from the manufacturer. Firefly luciferase was divided by the Renilla activity encoded on the same plasmid as a transfection efficiency control.
Genomic analysis
Genomic coordinates of human exons were obtained directly from the UCSC Genome Browser from the hg19 assembly (Kent et al. 2002) . Coordinates of the region surrounding the 5 ′ splice site were obtained using custom Perl scripts, and the genomic sequence corresponding to the region was extracted from hg19 genomic sequence using Galaxy (Giardine et al. 2005; Blankenberg et al. 2010; Goecks et al. 2010) . Folding, free energy analysis, and filtering were conducted using a local installation of the Vienna RNA package (Hofacker 2009 ) using Perl scripts. PhyloP conservation scores were obtained directly from the UCSC Genome Browser, and scores were added to obtain the measures presented in Supplemental Table 1 .
For the frequency analysis, four of six bases in the GUAGGU region were required to be unpaired for inclusion in the analysis; however, no other pairing requirements were set. For the background, three sets were constructed of a similar length to the GUAGGU set. Because the nucleotide frequency in the intron and exon portions of the sequence differs, we calculated the nucleotide frequency of the intron and exon regions independently and excluded the conserved region surrounding the splice site, from positions −3 to +7, from the calculations. The artificial sets preserved the nucleotide frequency in the intron and exon regions. The three randomized sets were folded, and the mean and standard deviation were calculated for each free energy level. For the background set in which the nucleotide frequency was calculated for each position independently, the background consisted of a single set of 100,000 artificial sequences.
SUPPLEMENTAL MATERIAL
Supplemental material is available for this article.
